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Resumen
Se realizó una investigación sobre el efecto 
que tienen algunas actividades humanas en la 
susceptibilidad magnética y la susceptibilidad 
dependiente de la frecuencia: el estudio se 
realizó en Jalingo, estado de Taraba, Nigeria, en 
OD VXSHU¿FLHGHO VXHORGHXQD]RQDFRPHUFLDO
un estacionamiento de autos y una zona 
escolar. El objetivo fue evaluar la variación de 
la susceptibilidad magnética con distintos tipos 
de uso de la tierra y detectar los puntos más 
contaminados utilizando los parámetros de proxy 
magnéticos. Con ello se evaluó la contribución 
de superparamagnéticas (SP), del tamaño de 
un grano, a la susceptibilidad magnética del 
cálculo de la dependencia de la frecuencia de la 
susceptibilidad magnética (MS). Los resultados 
GH ODV PHGLFLRQHV GH PDVD HVSHFt¿FRV GH
susceptibilidad de baja frecuencia magnética 
PRVWUDURQXQDPHMRUDVLJQL¿FDWLYDFRQYDORUHV
que van desde 67,8 hasta 495,3 x 10-8 m3kg-
1, con un valor medio de 191,61 x 10-8 m3kg-
1 para el Colegio Jalingo de Educación (datos 
JCOE); 520,1-1612,8 x 10-8 m3kg-1 con un valor 
medio de 901,34 x 10-8 m3kg-1 para el mercado 
principal de Jalingo (JMM) y 188.5- 1.203,6 x 
10-8m3kg-1 con un valor promedio de 574 92 x 
10-6 m3kg-1 para el Motor Park Jalingo (JMP). La 
PHMRUDPDJQpWLFD VLJQL¿FDWLYD LQGLFDXQD DOWD
concentración de minerales ferrimagnéticos 
en el suelo y, por lo tanto, un aumento en la 
contaminación. La susceptibilidad magnética 
de los diferentes usos del suelo estudiados 
se redujo en la zona comercial (mercado)>, 
estacionamiento > e instalaciones escolares. Los 
resultados de la dependencia del porcentaje de 
la susceptibilidad dependiente de la frecuencia 
mostró que la mayoría de las muestras tenían 
una mezcla de SP y los granos gruesos o de 
GRPLQLR GH P~OWLSOHV JUDQRV 63 ǋP (O
valor de% Ƶ
fd
% rango 2,68 a 13,80%, con un 
valor medio de 8,67% en las muestras JCOE, 
0,49 a 10,04%, con un promedio de 5,05% en 
las muestras JMM y 0,56 a 13,04%, con un valor 
promedio de 5.86% en las muestras de JMP.
Palabras clave: Contaminación del suelo, 
susceptibilidad magnética, susceptibilidad 
dependiente de la frecuencia, mineral 
magnético, ferrimagnético.
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Abstract
An investigation of the effect of some human 
activities on the magnetic susceptibility 
and frequency dependent susceptibility 
was conducted on top soil samples from, a 
commercial area, a motor park and a school 
environment in Jalingo, Taraba State, N-E 
Nigeria. The purpose was to assess the variation 
of magnetic susceptibility with different 
land use, detect pollution hotspots using 
magnetic proxy parameters and evaluate the 
contribution of superparamagnetic (SP) grain 
size contribution to the magnetic susceptibility 
from calculation of the frequency dependence 
of magnetic susceptibility (MS). The results 
RI WKH PDVV VSHFL¿F ORZ IUHTXHQF\ PDJQHWLF
VXVFHSWLELOLW\PHDVXUHPHQWVVKRZHGVLJQL¿FDQW
enhancement with values ranging from 67.8 - 
495.3 x 10-8 m3kg-1 with a mean value of 191.61 
x 10-8 m3kg-1 for the Jalingo College of Education 
(JCOE) data; 520.1 – 1612.8 x 10-8 m3kg-1 with 
a mean value of 901.34 x 10-8 m3kg-1 for the 
Jalingo main Market (JMM) and 188.5- 1203.6 
x 10-8m3kg-1 with an average value of 574 92 
x 10-6 m3kg-1 for the Jalingo Motor Park (JMP). 
7KHVLJQL¿FDQWPDJQHWLFHQKDQFHPHQWLQGLFDWHV
high concentration of ferrimagnetic minerals 
in the soil and hence increased pollution. The 
magnetic susceptibility of the different land use 
studied decreased in the order commercial area 
(market) > motor park > school premises. The 
results of the percentage frequency dependence 
susceptibility showed that most of the samples 
had a mixture of SP and coarse multi domain 
JUDLQVRU63JUDLQVǋP7KHYDOXHRIƵ
fd
% 
range from 2.68 to 13.80% with an average 
value of 8.67% in the JCOE samples, 0.49 to 
10.04% with an a-verage of 5.05% in the JMM 
samples and 0.56 to 13.04% with an average 
value of 5.86% in the JMP samples. 
Key words: Soil pollution, magnetic susceptibi-
lity, frequency dependent susceptibility, mineral 
magnetic, ferrimagnetic
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Introduction
The adverse effect of human impact in the 
environment has increased in recent years 
and has become a subject of global concern. 
The type and intensity of human activity 
greatly impact on the environment. With 
increased urbanization, the urban environment 
is threatened by various pollution sources 
released into it. This pollution ranged from 
indiscriminate refuse dump, sewage disposal, 
industrial wastes, bush burning, and emissions 
from industries and automobile exhaust. 
So, pollution has become a subject widely 
LQYHVWLJDWHG IURP VHYHUDO ¿HOGV VXFK DV
geology, geophysics, chemistry, agriculture etc. 
$WPRVSKHULF SROOXWLRQ KDV EHHQ LGHQWL¿HG DV
one of the most harmful factors for ecosystems 
(Petrovsky and Elwood, 1999). Usually, heavy 
metals and toxic elements from industrial, 
vehicular and domestic emissions are released 
into the atmosphere and are incorporated into 
the environment or in living organism such 
as vegetation, animals and human beings. 
These contaminants that are released into 
the atmosphere, soils and sediments are rich 
in magnetic particles, resulting in magnetic 
enhancement of the urban soils and sediments. 
A measure of the amount of magnetic 
enhancement is expressed by its magnetic 
susceptibility and in recent years, it has been 
successfully used to monitor anthropogenic 
pollution, especially heavy metal pollution in 
soils (example Gautam et al., 2004, Petrovsky 
et al., 2000, Strzyszcz and Magiera, 1998, 
etc.). 
0DJQHWLF VXVFHSWLELOLW\ LV GH¿QHG DV WKH
ratio of the total magnetization induced in a 
VDPSOH WR WKH LQWHQVLW\ RI WKHPDJQHWLF ¿HOG
that produces the magnetization Mullins 
(1977).
 Magnetic susceptibility measures the 
concentration of magnetic crystals and also 
gives information on the type of magnetic 
minerals present in a sample. Magnetic minerals 
present in soils may either be obtained from 
the parent rocks (lithogenic origin), during 
pedogenesis or as a result of anthropogenic 
activities. The magnetic mineral content of the 
soil can broadly be expressed by its magnetic 
susceptibility. Magnetic susceptibility can be 
used to identify the type of mineral and the 
amount of iron bearing minerals contained in 
a material. Soils are sinks to anthropogenic 
pollutants released into the atmosphere. 
Accumulation of anthropogenic ferrimagnetic 
particles, originating from oxidation process 
during combustion of fossil fuels results in 
VLJQL¿FDQW HQKDQFHPHQW RI WRSVRLO PDJQHWLF
susceptibility. The most important magnetic 
mineral is magnetite and in the atmosphere 
it can originate from combustion (and other 
industrial) processes (Petrovsky et al., 2000). 
7KH¿UVWHYLGHQFHRIPDJQHWLFHQKDQFHPHQW
was reported by Le Borgne (1955). Subsequent 
VWXGLHV E\ 0XOOLQV  FRQ¿UPHG WKLV
SKHQRPHQRQ 7KRPSVRQ DQG 2OG¿HOG 
further reported that the soils near urban 
areas and industrial zones have an increased 
susceptibility due to deposition of magnetic 
particles such as, dust of the metallurgical 
LQGXVWULHVDQGÀ\DVKHVRIWKHFRDOFRPEXVWLRQ
Since then, extensive studies of pollution and 
magnetic proxies for pollution have been 
conducted for example Alagarsamy (2009), 
Canbay (2010), Gautam et al. (2005), Kapicka 
et al. (1999), Knab et al. (2006), Magiera et 
al. (2006), Petrovsky et al. (2000), Shen et al. 
(2008), Strzyszcz et al. (1996) etc. Magnetic 
measurement is a simple, rapid and non- 
destructive technique that can be applied on 
soil/sediment samples.
The purpose of this study was to assess 
the variation of magnetic susceptibility with 
different land use, detect pollution hotspots 
using magnetic proxy parameters and 
determine the grain size of the samples from 
calculation of the frequency dependence of 
magnetic susceptibility (MS).
Materials and Methods 
Geographical and Geological setting of the 
Study Area
Jalingo, the study area is the administrative 
headquarters of Taraba State which is located 
between latitude 6º30’ and 8º30’ North of the 
equator and between 9º00’ and 12º00’ East of 
the Greenwich meridian (Figure 1). The state 
has a tropical wet and dry climate, dry season 
ODVWVIRUDPLQLPXPRI¿YHPRQWKV1RYHPEHU
to March) while the wet season spans from 
April to October. It has an annual rainfall of 
about 8000 mm. Jalingo is a rapidly growing 
FLW\ZLWKRXW VLJQL¿FDQW LQGXVWULDO DFWLYLW\ WKH
major pollution source is the emission from 
WUDI¿F DQG SRZHU JHQHUDWLQJ VHWV DQG RWKHU
human activities such as indiscriminate refuse 
dump, bush burning etc.
The study area is underlain by the 
undifferentiated Basement Complex rocks which 
consist mainly of the migmatites, gneisses and 
the Older Granites. Tertiary to Recent basalts 
also occurs in the area. The undifferentiated 
Basement Complex particularly the migmatites, 
generally vary from coarsely mixed gneisses to 
GEOFÍSICA INTERNACIONAL
OCTOBER - DECEMBER 2014      413
diffused textured rocks of variable grain size 
and are frequently porphyroblastic (Macleod et 
al., 1971). 
The Pan African Older Granites are equally 
widespread in the area. They occur either as 
basic or intermediate intrusives (Turner, 1964). 
'LIIHUHQW NLQGV RI WH[WXUHV UDQJLQJ IURP ¿QH
to medium to coarse grains can be noticed 
on the Older Granites (McCurry, 1976). Other 
localized occurrences of minor rock types 
include some doleritic and pegmatitic rocks 
mostly occurring as intrusive dykes and vein 
bodies. These occurrences are common to both 
the undifferentiated Basement Complex and 
the Older Granite rocks (Carter et al., 1963, 
McCurry, 1976). The Tertiary basalts on the 
other hand are found in the Mambila Plateau 
mostly formed by trachytic lavas and extensive 
basalts which occur around Nguroje (du Preez 
and Barber, 1965).
Sampling and Analysis
Topsoil samples (0- 2 cm) were collected 
from three different locations using a plastic 
material to avoid contamination. The samples 
locations were determined using a 12 Channel 
Garmin Global Positioning System (GPS 12). A 
total of 59 samples were randomly collected, 
15 samples from a school environment, 10 
samples from a motor park, 11 samples from 
a commercial area and 23 samples from an 
unpolluted rural area with the same geology 
to serve as control. The Jalingo College of 
Education (JCOE) which has been in existence 
for more than 25 years was chosen to represent 
a school environment. The Jalingo Motor Park 
(JMP) has been in operation for more than 15 
years with a land area of about 250 square 
meters with more than 500 vehicles moving in 
and out daily. The Jalingo Main Market (JMM), 
which is the major commercial centre of the 
city has an area of about 500 square meters 
and was built more than two decades ago. A 
lot of commercial activities take place in this 
market and vehicular movement around the 
market area has been on the increase over the 
years. 
The samples were air dried at a temperature 
of 30ºC in the laboratory for some days to 
Figure 1. Map of study area (insert: map of Nigeria, showing study area).
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Sample Mass (g) Latitude 
(N)
Longitude (E) Ƶ
lf
 x 10-8 
m3kg-1
Ƶ
hf
 x 10-8 
m3kg-1
Ƶ
fd
 x 10-8 
m3kg-1
Ƶ
fd
 (%)
JCOE 1 16.29 8º54.080’ 11º19.052’ 226.7 197.0 29.7 13.10
JCOE 2 17.91 8º54.067’ 11º19.078’ 359.5 309.9 48.6 13.80
JCOE 3 18.31 8º54.104’ 11º19.078’ 175.7 171.0 4.7 2.68
JCOE 4 17.94 8º54.119’ 11º19.044’ 132.8 123.4 9.4 7.08
JCOE 5 18.58 8º54.129’ 11º19.021’ 200.8 182.4 18.4 9.16
JCOE 6 17.03 8º54.135’ 11º19.009’ 136.9 125.2 11.7 8.55
JCOE 7 19.72 8º54.111’ 11º18.992’ 156.7 149.7 7.0 4.47
JCOE 8 18.96 8º54.122’ 11º18.962’ 131.1 122.7 8.4 6.41
JCOE 9 17.70 8º54.078’ 11º19.005’ 495.3 437.2 58.1 11.73
JCOE 10 19.62 8º54.162’ 11º19.087’ 309.6 286.1 23.5 7.59
JCOE 11 18.95 8º54.186’ 11º19.102’ 81.0 74.0 8.6 9.31
JCOE 12 19.07 8º54.193’ 11º19.072’ 67.8 62.0 5.8 8.55
JCOE 13 18.26 8º54.191’ 11º19.038’ 110.8 96.8 14.0 12.64
JCOE 14 19.20 8º54.165’ 11º19.049’ 141.7 136.4 5.3 3.74
JCOE 15 17.11 8º54.220’ 11º18.961’ 147.1 130.5 16.6 11.28
Sample Mass (g) Latitude 
(N)
Longitude 
(E)
Ƶ
lf
 x10-8 
m3kg-1
Ƶ
hf
 x 10-8 
m3kg-1
Ƶ
fd
 x 10-8 
m3kg-1
Ƶ
fd
 (%)
JMM 1 16.63 8º53.714’ 11º21.605’ 658.3 622.3 36.0 5.47
JM M 2 18.06 8º53.711’ 11º21.526’ 520.1 510.0 10.1 1.94
JMM 3 18.05 8º53.678’ 11º21.547’ 1182.7 1115.9 66.8 5.65
JMM 4 16.87 8º53.703’ 11º21.555’ 1321.4 1229.2 92.2 6.98
JMM 5 15.79 8º53.692’ 11º21.607’ 623.5 599.8 23.7 3.80
JMM 6 17.44 8º53.689’ 11º21.603’ 571.5 568.7 2.8 0.49
JMM 7 17.13 8º53.690’ 11º21.600’ 556.1 549.7 6.4 1.15
JMM 8 17.17 8o53.651’ 11º21.578’ 1612.8 1503.4 109.4 6.78
JMM 9 16.28 8º53.619’ 11º21.601’ 656.6 611.9 44.7 6.81
JMM 10 17.41 8º53.591’ 11º21.610’ 1120.9 1008.4 112.5 10.04
JMM 11 18.10 8º53.548’ 11º21.631’ 1090.8 1020.3 70.5 6.46
Table 1. Jalingo College of Education (JCOE) data
Table 2. Jalingo Main Market (JMM) data.
avoid any chemical reactions. They were then 
ground using agate mortar and sieved using a 
1 mm sieve mesh (Kim et al., 1999) and stored 
in a plastic container for further laboratory 
PHDVXUHPHQWV 7KH PDVV VSHFL¿F PDJQHWLF
susceptibility measurements were then carried 
out on the sieved samples packaged in a 10 
ml plastic container at laboratory temperature. 
Measurements of magnetic susceptibility were 
made at both low (0.47 kHz) and high (4.7 
kHz) frequencies using MS2 dual frequency 
susceptibility meter. All measurements were 
conducted at the 1.0 sensitivity setting. Each 
sample was measured three times with an 
air reading before and after each series for 
GULIW FRUUHFWLRQ 7KH PDVV VSHFL¿F IUHTXHQF\
dependence susceptibility Ƶ
fd
 was obtained 
from the relation:
 Ƶ
fd
 = Ƶ
lf  
ïƵ
hf
 (1)
Where Ƶ
lf
 and Ƶ
hf
 are the low and high 
frequencies susceptibility respectively.
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This parameter is sensitive only to a 
very narrow grain size region crossing the 
superparamagnetic/single domain threshold 
(~ 20 – 25 nm for maghemite) (Worm and 
Jackson, 1999). For natural samples which 
generally exhibit a continuous and nearly 
constant grain size distribution, Ȥfd can be used 
as a proxy for relative changes in concentration 
LQSHGRJHQLF¿QHG±JUDLQHGPDJQHWLFSDUWLFOHV
(Liu et al., 2005). The relative Ȥfd also called 
Percentage frequency dependent susceptibility 
(Ƶ
fd
%) was then calculated following Dearing 
(1999) as:
 
χ
χ χ
χ
fd lf hf
lf
% =
−
×100(    )  (2)
Results and Discussion
7KH UHVXOWV RI WKH PDVV VSHFL¿F ORZ ¿HOG
magnetic susceptibility, frequency dependence 
and percentage frequency dependence of the 
samples are displayed in tables 1 - 3. The 
YDOXHRIORZIUHTXHQF\PDVVVSHFL¿FPDJQHWLF
susceptibility ranges from 67.8 to 495.3 x 
10-8 m3kg-1 with a mean value of 191.61 x 
10-8 m3kg-1 for the JCOE data. The JMM has 
low frequency magnetic susceptibility values 
ranging from 520.1 to 1612.8 x 10-8 m3kg-1 with 
a mean value of 901.34 x 10-8 m3kg-1, while 
the JMP has value of low frequency magnetic 
susceptibility ranging from 188.5 to 1203.6 
x10-8 m3kg-1 with an average value of 574.92 
x 10-8 m3kg-1. The magnetic susceptibility 
of the different land use studied decreased 
Sample Mass (g) Latitude 
(N)
Longitude 
(E)
Ƶ
lf
 x 10-8 
m3kg-1
Ƶ
hf
 x 10-8 
m3kg-1
Ƶ
fd
 x 10-8 
m3kg-1
Ƶ
fd
 (%)
JMP1 17.86 8º56.267’ 11º20.328’ 401.7 349.3 52.4 13.04
JMP 2 18.15 8º56.301’ 11º20.323’ 842.4 811.8 30.6 3.63
JMP 3 18.57 8º56.306’ 11º20.305’ 444.3 418.7 25.6 5.76
JMP 4 16.90 8º56.300’ 11º20.283’ 286.0 261.5 24.5 8.57
JMP 5 18.38 8º56.290’ 11º20.303’ 442.6 440.1 2.5 0.56
JMP 6 17.46 8º56.277’ 11º20.286’ 188.5 167.7 21.8 11.03
JMP 7 18.34 8º56.265’ 11º20.281’ 466.7 453.3 13.4 2.87
JMP 8 17.86 8º56.274’ 11º20.301’ 903.9 855.3 48.6 5.38
JMP 9 18.94 8º56.257’ 11º20.317’ 1203.6 1149.9 53.7 4.46
JMP 10 17.71 8º56.242’ 11º20.300’ 569.5 550.5 19.0 3.34
in the order: commercial area (market) > 
PRWRUSDUN!RI¿FLDODUHD'LIIHUHQFHV LQ WKH
values of magnetic susceptibility are a result 
of difference in the type and strength of 
human activity in the different areas. The high 
magnetic susceptibility values of the JMM may 
be attributed to the high commercial activity 
in the market rusted of pieces of metals that 
might be thrown on the soils and emissions 
IURP WKH KLJK YROXPH RI WUDI¿F DURXQG WKH
market area. 
Gautam et al.  FODVVL¿HG VRLOV LQWR
three broad categories based on their magnetic 
susceptibility (MS) values as follows: ‘normal’ 
(MS < 10 x 10-8 m3kg-1), ‘moderately magnetic’ 
(MS 10 – 100 x 10-8 m3kg-1) and ‘highly 
magnetic’ (MS >100 x 10-8 m3kg-1). From the 
DERYHFODVVL¿FDWLRQWKHVRLOVIURP-00DQG-03
can be said to be highly magnetic, while that of 
JCOE ranges from moderate to highly magnetic. 
The high values indicate high concentration of 
ferrimagnetic minerals in the soil. Previous 
studies showed that magnetic susceptibility 
variations are caused by differences in geology 
(lithogenic/geogenic), soil forming processes 
(pedogenesis) and anthropogenic input of 
magnetic material (Dearing et al., 1996 and 
7KRPSVRQ DQG 2OG¿HOG  7KH KLJKHU
magnetic enhancement in JMM and JMP is 
attributed to anthropogenic inputs of magnetic 
minerals. The anthropogenic magnetic particles 
may likely come from vehicle emissions 
(vehicular exhaust, abrasion of tyres and 
brake linings) and waste products. Vehicular 
emissions comprises of different fractions 
of particles formed in the exhaust pipes and 
released into the environment. These emissions 
Table 3. Jalingo Motor Park (JMP) data.
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have magnetic character which is determined 
by the increase in the MS. The moderate 
values of MS obtained from JCOE samples 
are expected since the area is an academic 
HQYLURQPHQWZLWK OHVV WUDI¿FDQGZLWKSURSHU
waste disposal system. The results obtained 
for the JCOE are similar to that obtained for a 
school in Xi’an city, China (263.45 -531.28 x 
10-8 m3kg-1) (Li et al., 2010). The high values 
obtained in some samples are attributed to 
emissions from vehicles and power generating 
VHWV DV WKHUH LV LQVXI¿FLHQW SRZHU VXSSO\ LQ
this city. Most businesses are operated using 
private alternating current generators.
7KHYDOXHVRI ORZ IUHTXHQF\PDVVVSHFL¿F
magnetic susceptibility of the unpolluted site 
range from 35.4 to 92.8 x 10-8 m3kg-1 with a 
mean value of 64.56 x 10-8 m3kg-1. These values 
are lower than the signal from urban topsoil 
samples. The average magnetic susceptibility 
value in JCOE, JMM and JMP respectively 
increased by about 3, 14 and 9 times those 
of the unpolluted site, suggesting magnetic 
enhancement derived from anthropogenic 
activities in urban soils.
The values of magnetic susceptibility 
measured at high frequencies (4.7 kHz) 
are usually lower than the values obtained 
from the low frequency (0.47 kHz) magnetic 
susceptibility measurements (Dearing et al., 
'HDULQJ7KLVLVIXUWKHUFRQ¿UPHG
for soils in Jalingo as shown in Figures 2 to 4. 
Measurements made at these two frequencies 
DWDFRQVWDQWDSSOLHG¿HOGDUHJHQHUDOO\XVHGWR
GHWHFW WKHSUHVHQFHRIXOWUD¿QH IHUULPDJQHWLF
(also called super paramagnetic fraction of 
OHVV WKDQ  ǋP PLQHUDOV RFFXUULQJ DV
crystals and to some extent the single domain 
(approximately greater than 0.03 to less than 
 ǋP IUDFWLRQV 6DQJRGH et al., 2010). 
Higher frequency measurements do not allow 
super paramagnetic grains to react with the 
DSSOLHG PDJQHWLF ¿HOG DV LW FKDQJHV PRUH
quickly than the required relaxation time 
for super paramagnetic grains. As a result, 
in higher frequency, lower values of MS are 
encountered and the difference is used to 
estimate the super paramagnetic ferrimagnetic 
particles (Sangode et al., 2010). When super 
paramagnetic minerals are present in a soil 
sample, the MS values at high frequency are 
slightly lower than the values of MS at low 
frequency. If there are no super paramagnetic 
(SP) minerals the two measurements are 
identical (Dearing, 1999).
There is wide difference between measured 
YDOXHV RI ǒLF DQG ǒHF which indicates the 
presence of admixture of SP minerals in the 
studied soil. This difference is expressed by the 
frequency dependent MS (Ȥfd) shown in Tables 
1-3. 
The values of Ȥfd varied between 4.7 and 
58.1 x 10-8 m3kg-1 with an average of 17.99 
x 10-8 m3kg-1 for the JCOE, 2.8 and 112.5 x 
10-8 m3kg-1 with a mean value of 52.28 x 10-8 
m3kg-1 for JMM and 2.5 and 53.7 x 10-8 m3kg-1 
with a mean of 29.21 x 10-8 m3kg-1 for the JMP. 
$FFRUGLQJWR'HDULQJWKHPDVVVSHFL¿F
frequency dependent susceptibility Ȥfd ranges 
from ~30 x 10-8 m3kg-1 in stable single domain 
(SSD) grains to 75 – 160 x 10-8 m3kg-1 in the 
SP range. From this information, the majority 
Figure 2. Ƶlf  / 
Ƶ
hf x10-8 m3kg-1 
values of JMP samples both at 
high and low frequency
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of the samples studied falls within the SSD 
range while only about 20% from the JMM are 
in the SP range.
)LJXUH  UHODWH WKH ǒLF DQG ǒHF values in 
the topsoil samples of JMP. The graph shows 
DOLQHDUUHODWLRQVKLSEHWZHHQǒlfDQGǒ+)ZLWKYHU\ VLJQL¿FDQW FRUUHODWLRQ FRHI¿FLHQW DQG
a slope less than one indicating evidence of 
superparamagnetic minerals.
Figures 6 - 8 compares the Ȥfd DQG ǒLF 
values in the topsoil samples. An increase in 
MS appears to be related with an increase in 
theȤfd. According to Forster et al. (1994), such 
linear correlation indicates that with increasing 
magnitude the susceptibility is more controlled 
E\ WKH FRQWULEXWLRQ IURP WKH ¿QH SHGRJHQLF
magnetic fraction. The linear relationship also 
indicates high homogeneity in the magnetic 
mineralogy of the soils corresponding with the 
mineral size. Similar result was obtained by 
Sadiki et al. (2009). The JMM and JCOE are 
PRUH FRUUHODWHG ZLWK FRUUHODWLRQ FRHI¿FLHQWV
of 0.84 and 0.85 respectively. The graph 
RI ǒlf DJDLQVW ǒfd can be used to obtain the EDFNJURXQG ORZ PDJQHWLF VXVFHSWLELOLW\ ǒB 
(Forster et al., 1994). This corresponds to the 
LQWHUFHSWRQWKHǒOID[LVZKHUHǒfd is zero. From 
Figures 9-11, the values of the background 
magnetic susceptibility are 176.0 x10-8 
m3kg1, 72.89 x10-8 m3kg-1, 457.1 x10-8 m3kg-1 
respectively for JMP, JCOE and JMM. From these 
values, it was observed that all the samples 
except JCOE 12 had magnetic susceptibility 
values above the background value, implying 
an enhancement in the MS values. The MS 
enhancement can be attributed to either 
pedogenesis or anthropogenic sources. This 
observation seems to agree with our earlier 
REVHUYDWLRQXVLQJWKHFODVVL¿FDWLRQRI*DXWDP
et al. (2004). The MS enhancement of sample 
JCOE 12 was attributed to lithogenesis. 
Figure 3. ǒOIǒKI[PNJ
1 values of JCOE samples both 
at high and low frequency.
Figure 4. Ƶlf  / Ƶhf x10-8 m3kg-1 values 
of JMM samples both at high and low 
frequency
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Percentage frequency dependent suscep-
tibility ǒfd% is used to approximate the total 
concentration of SP grains, while coarse multi 
domain (MD) magnetic grains are frequency 
independent as they show similar susceptibil-
ity values at low and high frequencies. Dearing 
(1999) proposed a model for the interpretation 
of frequency dependence as follows:
Based on the semi quantitative model above, 
the results of this work demonstrated that most 
of the samples (about 67%) have a mixture of 
63DQGFRDUVHJUDLQVRU63JUDLQVǋP
In the JCOE samples, the value of Ȥfd% ranges 
from 2.68 to 13.80% with an average value of 
8.67%. Five samples (that is about 30%) are 
virtually all SP grains as they have Ȥfd% in the 
Figure 5. Relation 
between low frequency 
and high frequency 
susceptibility for JMP 
samples.
Figure 6. Linear regression 
between Ƶfd and n ƵLF fo JMP.
Ƶ
fd (%) value Interpretation
Low Ƶfd (%) < 2.0% Virtually no SP grains
Medium Ƶfd (%) 2.0– 10.0 % Admixture of SP and coarser non-SP grains or SP JUDLQVǋP
High Ƶfd (%) 10.0 – 14.0% Virtually all (> 75%) SP grains
Very high Ƶfd (%) >14 % Rare values, erroneous measurements, weak samples 
or contamination
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range of 12 – 14 %, while other samples have 
values in the range of 2 – 10 % indicating the 
presence of a mixture of SP and MD magnetic 
grains. In the JMM samples, seven samples falls 
within the medium range of 2 – 10 % and may 
be said to have a mixture of SP and coarse MD 
grains, three samples have low Ȥfd% of < 2% 
implying that they have no SP grains while only 
one sample has high Ȥfd% of 10.04 % meaning 
that the dominant magnetic component of this 
soil are SP ferrimagnetic grains. For the JMP 
samples, about 70% of the samples have Ȥfd% 
value in the medium range and this can be 
interpreted as soils with admixture of SP and 
FRDUVHUQRQ63JUDLQVRUǋP63JUDLQV 
About 20% of the JMP samples are soils where 
virtually all the iron component are SP grains, 
while about 10% of the samples contains no SP 
grains. Generally, most of the samples in the 
studied area contain a mixture of SP and MD 
magnetic grains.
Figures 9 – 11 are the respective 
VFDWWHUJUDP RI ǒlf - Ȥfd % for JMP, JCOE and 
JMM showing typical sample positions for the 
various domains and sources. The JMP samples 
VKRZHGQHJDWLYHFRUUHODWLRQEHWZHHQǒlf and Ȥfd 
% while the JCOE and JMM samples showed 
positive correlation. The negative correlation 
observed in the JMP samples indicates that 
the main susceptibility variations are due to 
magnetic enhancement as a result of industrial 
Figure 7. Linear regression 
between xfdDQGǒ/IIRU
JCOE samples
Figure 8. Linear regression between Ƶfd and ƵLF JMM samples
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Figure 9. A schematic 
Ƶ
if  - 
Ƶ
fd % scattering 
diagram showing typi-
cal positions of sam-
ples from JMP.
Figure 10. A sche-
matic Ƶif  - Ƶfd % 
scattering diagram 
showing typical po-
sitions of samples 
from JCOE.
and anthropogenic pollution. The negative 
FRUUHODWLRQEHWZHHQǒlf and Ȥfd % further shows 
that pedogenic SP grains contribute little to 
the magnetic enhancement of urban soils, the 
magnetic enhancement is mainly contributed 
by coarse magnetic grains from industrial and 
anthropogenic pollution. Similar results were 
also obtained by Lu et al. (2007) for urban 
topsoils from Luoyang and Lu and Bai (2008) 
for urban soils from Hangzhou. The positive 
correlation of the JMM and JCOE samples 
indicates that the MS enhancement is due to 
SP ferrimagnetic grains. The MS of soils derived 
from sedimentary rocks usually increase with an 
increase in frequency dependent susceptibility 
(Lu, 2003). Many authors (example Wang 
et al., 2003, Zhu et al., 2001) also reported 
SRVLWLYH FRUUHODWLRQ EHWZHHQ ǒ(lf) and Ȥfd% for 
Chinese loess and paleosol. The combination 
of both positive and negative correlation within 
the study area is attributed to a combination of 
anthropogenic and pedogenic contribution to 
the magnetic susceptibility enhancement.
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Conclusion
This paper presents the result of magnetic 
susceptibility measurements of topsoils in 
different areas of Jalingo based on different 
types of human activities undertaken. 
7KH UHVXOWV VKRZV VLJQL¿FDQW PDJQHWLF
enhancement which indicates the high 
concentration of ferrimagnetic minerals in 
the soil. The magnetic susceptibility of the 
different land use studied decreased in the 
order commercial area (market) > motor park 
! VFKRRO SUHPLVHV 7KH VLJQL¿FDQW PDJQHWLF
enhancement also implied that the soils in 
the studied areas were polluted. Pollution 
distribution can be known by measurement of 
MS. Since the MS method is cheap, fast and 
capable of covering wide area in a short time, 
it can be used as preliminary tool to detect 
pollution hotspots before the application of the 
time consuming and expensive geochemical 
methods to selected samples.
Evaluation of the background MS from the 
JUDSKRIǒlfDQGǒfd reveal that all the samples 
had MS value beyond the background values, 
LQGLFDWLQJVLJQL¿FDQWHQKDQFHPHQWLQWKHVRLOV
caused by the different land use.
The results of the percentage frequency 
dependence showed that most of the samples 
have a mixture of SP and coarser non SP grains 
RU63JUDLQVǋP7KLV LPSOLHGWKDWWKH
observed magnetic susceptibility values results 
from a combination of pedogenic and anthro-
pogenic sources. 
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